A laboratory scale bubbling fluidized bed combustor was designed and fabricated to study the combustion of dewatered poultry sludge at different operational parameters. This paper present a study on the influence of equivalent ratio, secondary to primary air ratio and the fuel feed rate on the temperature distribution along the combustor. The equivalent ratio has been changed between 0.8 to 1.4% under poultry sludge feed rate of 10 kg/h and from 0.8 to 1 under poultry sludge feed rate of 15 kg/h. The secondary to primary air ratio was varied from 0.1 to 0.5 at 0.65 m injection height and 1.25 equivalent ratio. The results showed that these factors had a significant influence on the combustion characteristics of poultry sludge. The temperature distribution along the combustor was found to be strongly dependent on the fuel feed rate and the equivalent ratio and it increased when these two factors increased. However, the secondary air ratio increased the temperature in the lower region of the combustor while no significant effect was observed at the upper region of the combustor. The results suggested that the poultry sludge can be used as a fuel with high thermal combustor efficiency.
Introduction
The ongoing utilization of conventional fuels worldwide has brought to improve the study in the area of renewable energy technologies. Among the alternative energy resources available biomass is a vital alternative energy resource. Moreover, the energy generation plants using coal combustion is recognized as the most significant causes of greenhouse gas emission [1] . Replacing coal with biomass as a renewable CO2-neutral energy source in energy conversion systems could be an option to reduce net CO2 production. Biomass is frequently accustomed to describe plant based material, but biomass can equally apply to both animal and vegetable derived material [2] . The poultry sludge is one of the waste products generated daily from the poultry-processing industry. The slaughtering of chicken and the subsequent processes in the poultry plant generate the substantial amount of wastes such as feather, bone meal, blood and offal [3] . The poultry processing waste material will go through a series of processes before the solids are dewatered and sent-off for disposal. They enter into a waste water treatment process within the processing plant and leave with a sludge like consistency known as poultry processing dewatered sludge. Globally there are various options of managing dewatered sludge, such as applied to the land to serve as a fertilizer and soil conditioner [3] , [4] , sea disposal and landfilling. The legal restrictions facing landfilling and agricultural reuse and also the planned ban on sea disposal [5] - [7] result in the expectation that the role of incineration and combustion would increase in long term. A combination of direct combustion and the recovery of energy as heat and electricity is now an option worth exploring. Among the technologies available for biomass combustion, fluidized bed combustion (FBC) is one of the most promising techniques due to the following advantages: high combustion efficiency, low environmental impact, flexibility in dealing with different fuels [2] , compact furnace, simple design and relatively uniform temperature. Several studies have been conducted on the combustion of biomass waste materials in fluidized bed combustors in energy production. The researches mainly focused on the combustion of varies agricultural residue biomass types: rice husk [8] - [13] , rice straw and wheat straw [14] - [16] , palm kernel shell [17] , sunflower shell [18] , peanut shell [19] , cotton stalk [20] , and cedar pellet. The fluidized bed combustion was also used to burn woody biomass feed stocks, such as sawdust [21] - [23] and wood [15] , [24] - [26] . The search of biomass combustion in fluidized bed combustor has been expanded to burn sewage sludge [25] . Co-combustion of biomass with coal has extensively studied using different biomass types, such as rice husk, woody biomass, olive residue, cotton residue, non-recyclable paper, plastic waste, municipal solid waste, and sewage sludge [27] - [40] . The results from these studies demonstrated high combustion efficiency and acceptable emissions level. However, studies on thermochemical conversion of poultry sludge is extremely scarce; while no studies have been documented on poultry sludge combustion using fluidize bed combustors. Detail investigations of the combustion characteristics of poultry sludge using FBC are necessary in order to evaluate its potential as energy source. The objective of this study was to explore a new thermal disposal method and the possibility of utilizing dewatered poultry processing sludge in a direct thermo chemical energy recovery process for utilization at the waste generation site or as a potential for solid fuel. Moreover, the effects of operating parameters like equivalence ratio, secondary air ratio and the fuel feed rate on the temperature distribution of the combustion of poultry sludge were investigated using a bubbling fluidized bed combustor.
Experimental

Apparatus
Experiments were carried out in a laboratoryscale fluidized bed combustor to study the influence of different operating parameters on dewatered poultry sludge combustion. Figure 1 shows the pictorial view of the of the fluidized bed combustor. The cylindrical column length 150 cm with the bed height up to 30 cm and 120 cm freeboard and 20 cm internal diameter. The combustor was made of stainless steel covered internally with 5 cm refractory cement layer in order to maintain the temperature. The bed material is silica sand with average size of 0.8 mm, in all experiments the same amount of sand particles were used with a bed height of approximately 10 cm during fluidization. The primary air enters the unit through the perforated air distributor plate which is a steel plate of 5 cm thickness with 640 holes of 1 mm diameter. Secondary air was tangentially introduced at three different heights in order to allow studding the effect of secondary air ratio and secondary air location on the combustion efficiency, temperature distribution and the emissions. The primary and secondary air flow rate was controlled and monitored using pitot tube and U-tube manometer with manometer liquid density of 784 kg/m3 and two manual valves separately. The sludge in the feed hopper can be continuously fed to the bottom of the combustor by a screw feeder located at 30 cm above the air distributor plate with various feeding rates. A threephase inverter was used to adjust the fuel feed rate by changing the screw feeder motor Speed. The feeder was characterized before used by using poultry sludge to find out the characteristic curve of the motor speed and the poultry sludge flow rate. The gaseous combustion products ascending from the fluidized bed contain the entrained solid materials, such as ash, unburned carbon and sand was sent to the cyclone to separate the solid particles from the gaseous. . A diesel burner was used to heat up the sand and get proper combustion initiation of the poultry sludge. The data logger (Pico TC 08) and computer for data acquisition was used to collect the temperature distribution at six different locations above the air distributer by using type-K thermocouples. The temperature was recorded every 5 sec.
Operation procedures
The start-up procedure for each combustion test consisted of a series of equipment checks. The gas analyzer and the computer were activated to monitor the exhaust gas composition and the FBC temperature. The sand was preheated using the diesel burner, when the temperature of the sand reached the ignition temperature of the poultry sludge (around 300oC) the diesel burner was turned off. To run the combustion process the fuel feeder started to feed the sludge at constant feeding rate by maintaining the feeder motor at constant speed. The air blower was supplied the desired amount of air through the air distributor plate by opening the air valve to fluidize the sand and start the combustion. At that stage the poultry sludge started to combust and the temperature of the FBC is increased very fast due to energy released from the combustion process. Then the operation parameter were adjusted to fit the scheduled operation condition and the experiment was allowed to run for around 15 min to reach stable condition. The temperature distribution results and emission results were collected according to the time interval mentioned earlier. After collecting the results the fuel feeder was stopped and the blower was kept running to burn all the sludge and remaining char inside the FBC. Then the air supply was increased to carry out the ash and remaining residuals from the FBC bed to the cyclone. 
Material
The poultry processing sludge samples used in this study was collected from the chicken broiler factories around Malaysia that they have their own water treatment system. The respective factories are using the similar chemical coagulation and sedimentation process in their water treatment plant. This condition is good to ensure the poultry sludge is in standard condition and behavior. The samples were first dried in an oven at 105°C while constant checks were carried out on the sample's weight loss to record the moisture content. Experimental procedures were performed to measure the heating values and chemical compositions. The heating value procedure was carried out in accordance to ASTM D2015. The proximate analysis involved the use of a Thermogravimetric Analyzer (TGA-Perkin Elmer PYRIS1TGA) to determine moisture content (MC), volatile matter (VM), fixed carbon (FC) and ash. The ultimate analysis involved the use of a CHNS analyzer (Leco CHNS-932, VTF-900) to find the Carbon (C), Hydrogen (H), Nitrogen (N) and Sulfur (S) content in the sample. The average values of the chemical and physical properties of the DPS samples measured is summarized in Table 1 . 
Results and discussions
The temperature distribution is considered one of the important parameters that can be used to study the combustion performance of the fluidized bed combustors. So the temperature distribution needs to be observed at different location along the combustor. The temperature distribution of poultry sludge combustion in fluidized bed combustor was closely monitored at different operational conditions. Figure 2 shows the effect of the equivalent ratio (ER) on the axial temperature distribution of the combustion of poultry sludge. The poultry sludge feed rate was 10 kg/h and no secondary air was introduced.
It can be seen that the temperature in the lower and upper region increased with the equivalent ratio but the effect was more obvious in the upper region. This observation indicates that the amount of fuel burned in the free board increased with the increase of the equivalent ratio or the amount of air because the air entrained the fuel to the upper region. The maximum and minimum temperatures in the lower region were found to be around 710 o C and 600 o C at equivalent ratios 1.4% and 0.6%, respectively.
While the maximum and minimum temperature in the upper region were 575 o C and 260 o C respectively at the same equivalent ratios. At equivalent ratio 1.4% the temperature difference between the lower and upper region was around 100 o C while it was 300 o C at 0.6% equivalent ratio. This indicates that no combustion took place in the upper region at low equivalent ratio and the combustion process was completed in the lower section. The effect of fuel feed rate on the axial temperature distribution of the combustion of poultry sludge in fluidized bed combustor was investigated. Figure 3 shows the effect of equivalent ratio in the case of 15 kg/h fuel feed rate and without introducing secondary air. It can be seen that the axial temperature distribution is strongly dependent on the fuel feed rate. The temperature
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01008-p. 3 when firing 15 kg/h was much higher than 10 kg/h as shown in Figure 3 and Figure 4 respectively. However, in both cases the temperature in the lower and the upper region increased with the increase in the equivalent ratio. More increase in the equivalent ratio as primary air in the case firing 15 kg/h brought unburnt fuel to the cyclone and most of the combustion process occurred in the upper part and in the cyclone as presented in Figure 4 . As a result, the secondary air was introduced tangentially to increase the equivalent ratio to the required limit and at the same time kept the combustion process in the combustor zone by introducing part of the air as primary air and the rest as a secondary air. The results showed that the axial temperature increased with the secondary air ratio in the lower region of the combustor while no significant effect was observed at the upper region of the combustor. This finding agreed with results obtained in [8] , [32] . This observation can be explained by the decrease in the convection loss and increase in the residence time. Because the increase in the secondary air was accompanied by a decrease in the primary air and therefore, increasing the bed temperature. This finding was is in agreement with the results reported in [38] who studied the co-combustion of municipal solid waste and Thai lignite in a laboratory scale bubbling fluidized bed combustor. In the secondary air injection area the temperature dropped slightly in the upper region owing the secondary air consumed energy to reach the combustion temperature and this result also supported by Madhiyanon et al. [27] . The highest temperature was observed at the fuel injection area for all ranges of secondary air ratio due to the high fuel concentration. This observation was in agreement with finding of Xie et al. [29] who studied the combustion of forest biomass waste in bubbling fluidized bed combustor. The temperature of the fluidized bed combustor was quite uniform throughout the combustor except at the fuel injection area. This was mainly due to the high volatile matter in poultry sludge and lower fixed carbon which indicates better combustion of volatile matter in the freeboard area. This uniformity indicates that the injection of secondary air improved the combustion process especially in the upper region because it was burned the volatile matters and the unburned particles. 
Conclusions
The results from this study showed that the dewatered poultry sludge can be combusted in fluidize bed combustor without auxiliary fuel and it can be used as a fuel source for power generation. The influence of the operation parameters on the temperature distribution along the fluidized bed combustor was also investigated. When the poultry feed rate was 10 kg/h the combustion process was completed in the lower section but the temperature was found to be relatively low. An increase in the equivalent ratio as primary air in the case firing with 15 kg/h brought unburnt fuel to the cyclone, and most of the combustion process occurred in the upper part and in the cyclone. The secondary air was introduced tangentially to improve the combustion process and keep it within the combustion zone by introducing part of the air as primary air and the rest as a secondary air. The results also showed that the axial temperature increased with the secondary air ratio in the lower region of the combustor while no significant effect was observed at the upper region of the combustor. The temperature of the fluidized bed combustor was quite uniform throughout the combustor which indicates good combustion of the volatile matter in the free board.
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